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Abstract 
Effect of Aerosol Particles on DBD Plasma Discharge 
Boaz De-Medonsa 
 
 
 
Dielectric barrier discharge (DBD) has been proven useful in biological 
applications for inactivation of microorganisms in numerous occasions by treatment 
of surfaces and liquids [1-6]. More recently, computational modeling of large 
aerosols in DBD [7] as well as experimental observation of small aerosols through a 
DBD mesh [8] have shown that there is a strong interaction that allows for much 
higher rates of sterilization in air. 
This thesis explores the mechanism by which the aerosols and plasma interact; 
specifically, the reason that the treatment time required for bacteria inactivation in air 
is on the order of milliseconds compared to minutes on surfaces and in liquids.  Two 
mechanisms by which the two interact were investigated; the first being the 
electrostatic attraction of the charged aerosols to the plasma streamers, and the other 
being the increased likelihood of streamer formation as a result of induced “memory 
effect.” [9] The first mechanism is explored analytically and the second 
experimentally; the results are shown herein. 
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1. Introduction 
1.1 Motivation 
Dielectric barrier discharge (DBD) plasma has favorable properties for biological 
applications. Most notably, it is non-thermal, which means it does not cause burning 
of biological tissue when it comes into direct contact. Such applications have been 
thoroughly examined in the past [1-6]. Treatment of air for sterilization purposes, on 
the other hand, has not been investigated as thoroughly and can serve in a multitude 
of applications ranging from operation room air filtration system to space shuttle air 
quality control. The main advantage that a DBD plasma air sterilization system has 
over a particulate-capturing filter is that it does not cause a pressure drop in the 
system, thus keeping operation costs low. 
Although the efficacy of a DBD air filtration system has been demonstrated [8], 
the mechanism that allows for a treatment time several orders of magnitudes lower 
than that required for surfaces and liquids is not well understood. Some 
computational modeling of this interaction has been done [7], but it only considers 
droplets sizes of the same order of magnitude as the plasma filaments themselves. 
This thesis investigates the mechanics of interaction between aerosolized water 
droplets that are much smaller than plasma filaments and DBD plasma in order to 
gain a better understanding of sterilization of airborne microorganism using DBD. 
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1.2 Related Work 
1.2.1 Computational Modeling of Large Aerosols 
Previous mathematical modeling of interaction between plasma streamers and 
aerosol particles has been done by Babaeva et al [7]. In this paper the authors model a 
scenario in which the aerosol particles act as relay stations for the streamer, allowing 
them to jump from one to the next. Although useful as a starting point, the Babaeva 
paper only investigates droplets on the order of 100µm; we are interested in much 
smaller particles. There is a fundamental difference between the two cases, in 
Babaeva’s paper the droplets are around the same size as the plasma filaments 
whereas in our case the droplets are much smaller. Indeed, the authors point out that 
only the larger aerosols can interrupt and re-initiate the filaments, whereas the smaller 
droplets are simply engulfed by them.  
 
1.2.2 Sterilization of Microorganisms Using DBD 
A dielectric barrier discharge grating (DBDG) is a mesh of alternating electrodes 
connected to a RF power supply, which causes a DBD discharge between each pair of 
electrodes. Such an apparatus is described by Gallagher et al [8], and is shown in 
figure 1.  
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In this setup, E. coli bacteria is placed in a high flow air stream that allows for a 
residence time between the DBDG electrodes of approximately 1 millisecond; this is 
achieved with little perturbation of the air flow through the apparatus. A 5-log 
reduction of culturable bacteria is reported following the treatment. Such a reduction 
with the short exposure times indicates that although the droplets cannot interrupt 
plasma streamers, as suggested in [7], a strong interaction does exist. Otherwise, the 
residence time is too short and statistically, the streamers will not form at the location 
of the droplets. 
 
1.1 Thesis Organization 
In chapter 2, background information on the formation and mechanics of various 
plasmas will be discussed, with emphasis on DBD. Two hypotheses are then 
introduced for the mechanism of interaction between aerosolized droplets and plasma 
Figure 1. The dielectric barrier grating discharge used in Gallagher’s experiment [8] 
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streamers. Chapter 3 shows mathematical modeling of the first hypothesis, comparing 
the drag force induced by the air flow to the electrostatic force and dipole moment 
caused by the plasma streamers. Chapter 4 focuses on the increased likelihood of 
filament formation through increased electric field at the surface of curved droplets as 
well as reduction of effective plasma gap through the introduction of charged 
particles. Chapter 5 concludes the thesis, providing a summary as well as motivation 
for future work. 
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2. Background 
2.1 Arc Plasma 
The simplest type of plasma is known as arc plasma. In this form, a high voltage 
is connected between two electrodes; when this voltage overcomes the breakdown 
threshold of the gap an avalanching effect occurs, causing electrons to freely flow 
between the electrodes. The energetic electrons then collide with molecules in the air, 
ionizing them and transferring energy. The uncontrolled nature of arc plasma results 
in immense heating of the apparatus and the ions in the gap; an arc plasma setup can 
reach temperatures of 7,000 degrees Celsius.  
 
2.2 DBD Plasma 
Contrary to arc plasma, Dielectric barrier discharge (DBD) is non-thermal. This is 
achieved by introduction of a dielectric between the two electrodes; this dielectric 
limits the energy and duration of energy transfer between the electrons and the ions. 
A result of the introduction of this dielectric is that oppositely charged ions tend to 
accumulate on it, creating an electric field opposite to that generated by the 
electrodes. When this field becomes large enough, the overall generated field cannot 
overcome the breakdown threshold of the gap and the discharge is terminated. In 
order to allow for continuous operation of the DBD, a high frequency voltage source 
is used to re-establish a field strong enough to cause avalanching. The configuration 
can include either single or multiple dielectrics in various geometries. One 
configuration is shown in figure 2.  
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When the electric field overcomes the breakdown voltage of the gap, 
microfilaments discharge through ionized channels and leave behind active plasma 
ions which oppose the electric field generated by the electrodes. These 
aforementioned accumulating ions have two significant effects on the behavior of 
DBD plasma. The first effect is that they repel any ions formed at laterally adjacent 
locations, thus making the plasma filaments appear to repel each other; this makes the 
plasma appear to be uniform. The second effect is seen when the power generator 
switches to the second half of the cycle, the ions left over from the first half are now 
facilitating discharge by decreasing the breakdown voltage of future filament 
formation at the same location as the discharge from the first half-cycle; this process 
repeats and is referred to as the memory effect, and is shown in figure 3.  
Figure 2. A typical dielectric barrier discharge setup. A dielectric barrier is placed between the two electrodes 
to limit current flow and the power supply is replaced with a high frequency generator 
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The memory effect can be influenced by various external parameters; specifically, 
air flow can disrupt the arrangement of ions and move the memory from one location 
to another, or even erase it completely. Areas of low pressure (high flow) can pull in 
ions, creating a stronger memory effect at that location. The location of filament 
formation in the discharge gap is based on an array of parameters. When carefully 
controlled, one can predict and even influence the location of filamentation.  
  
Figure 3. An overview of the cycle of operation for a dielectric barrier discharge. Before the first discharge (1), 
after the first discharge (2), when switching to the second half cycle (3), and after the second discharge (4) 
completing one cycle. 
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3. Mathematical Modeling 
The three dominant forces that the aerosol particles experience in air flow through 
a DBD mesh are electrostatic, dipole moment, and drag. Comparing them should give 
us an idea of which force dominates. Throughout these calculations, the plasma 
streamers are modeled as a cylinder of uniform charge and the aerosols as a dipole 
outside the cylinder. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. The model used for calculation of streamer-particle interactions. Each filament is modeled as a 
cylinder of charge concentration p+ and radius b. The aerosols are modeled as point charges at distance r 
from the center of each filament. 
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3.1. Electrostatic Force Calculations 
In order to find the electrostatic force acting on a point charge, we begin by taking 
Gauss’s Law, which relates the flux through a surface to the electric field generated. 
Using this relation we substitute known parameters for the surface area, plasma ion 
density, and the permittivity of free space to find an expression of the electric field as 
a function of distance from the center of each plasma filament. This expression is 
then multiplied by the charge of a single water droplet to obtain the force acting on it. 
Using Gauss’s Law: 
Φ = 𝑄
𝜀0
= 𝐸𝐴 
Modeling the streamer as a cylinder of uniform charge and setting the charge per unit 
length to be 𝜆, the Gaussian surface can be rewritten as: 
Φ = 𝜆𝐿
𝜀0
= E2𝜋𝑟𝐿 
And the charge per unit length 
𝜆 = 𝜋𝑏2𝜌+ 
Electric field is thus given by: 
𝐸 = 𝜆2𝜋𝑟𝜀0 
Substituting, 
𝐸 = 𝑏2𝜌+2𝑟𝜀0  
The plasma ion density is given by [9] 
𝜌+ = 109 𝑖𝑜𝑛𝑠𝑐𝑚3 = 1015 𝑖𝑜𝑛𝑠𝑚3 = 1.6 × 10−4 𝐶𝑚3 
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And the diameter of plasma streamers as 
𝑏 = 500𝜇𝑚 = 5 × 10−4𝑚 
The permittivity of free space is 
𝜀0 = 8.85 × 10−12 𝐹𝑚 
We thus arrive at an expression for the electric field created by a single DBD plasma 
filament: 
𝐸 = (5 × 10−4)2 × (1.6 × 10−4)2 × 𝑟 × (8.85 × 10−12)  𝑚2 × 𝐶𝑚3𝑚 × 𝐶𝑉 × 𝑚 
𝐸 = 2.26
𝑟
𝑉
𝑚
 
The charge of an aerosolized droplet of water is found from [10]: 
𝑞 = 104 = 1.6 × 10−15𝐶 
Finally, we multiply the electric field by the charge of a water droplet to find the 
electrostatic force exerted on it as:  
𝐹 = 𝑞𝐸 
𝐹𝐸 = 3.616 × 10−15𝑟 𝑁 
 
3.2. Dipole Moment Calculations 
To find the dipole moment acting on a water droplet, we consider the relationship 
between the polarizability and the flux created by the filament. Since we have related 
this flux to the electric field in section 3.1, we can correlate the electric field to the 
polarization. Subsequently, we find the force acting on the dipole.  
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The electrostatic potential is given by: 
Φ = 14𝜋𝜀0 𝑃�⃗ ∙ 𝒓�𝑎2  
And the electric field is correlated to polarizability by 
E0����⃗ = P�⃗4𝜋𝜀0𝑎3 
So 
𝑃�⃗ = 4𝜋𝜀0𝑎3𝐸0����⃗  
As calculated from section 3.1,  
𝐸0 = 2.26𝑟  
Force on a dipole is given by: 
𝐹𝑃 = �𝑃�⃗ ∙ ∇�𝐸0 
Combining the above equations, 
𝐹 = 4𝜋𝜀0𝑎3 2.26𝑟 ∙ 2.26𝑟2 = 5.68 × 10−10 𝑎3𝑟3  �𝐹𝑚 × 𝑉2� 
Finally, we plug in the numbers for the above equation and find the dipole moment 
acting on the aerosols. 
𝐹𝑃 = 7.1 × 10−26𝑟3 𝑁 
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3.3. Drag Force Calculations 
In order to find the drag force acting on the water droplets, we must first 
determine the regime by which the flow behavior is characterized. We do this by first 
finding the Reynolds number of the system; since this is found to be a very low value, 
the appropriate model to use is that of Stokes’ drag. Substituting known parameters 
into the Stokes’ equation yields the drag force acting on the droplets. 
The Reynolds number is given by: 
𝑅𝑒 = 𝜌𝑉𝐴
𝜇
 
The following are the properties of air at room temperature and atmospheric pressure 
found from thermodynamic tables [11] 
Density of air: 
𝜌 ≈ 1.2 𝑘𝑔
𝑚3
 
Viscosity of air 
𝜇 ≈ 1.8 × 10−5 𝑘𝑔
𝑚 ∙ 𝑠
 
Surface area of aerosols 
𝐴 ≈ 4 × 10−12𝑚2 
Flow rate used in [8] 
𝑉 ≈ 1𝑚
𝑠
 
Combining these, the Reynolds’ number is 
𝑅𝑒 = 1.2 𝑘𝑔𝑚3 ∙ 1𝑚𝑠 ∙ 4 × 10−12𝑚1.8 × 10−5 𝑘𝑔𝑚 ∙ 𝑠 ≪ 1  
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So the equation for Stokes’ drag is used: 
𝐹𝐷 = 6𝜋𝜇𝑅𝐻𝑣 
𝑟 ≈ 1 × 10−6𝑚 
𝐷 ≈ 2.4 × 10−5 
𝑅𝐻 = 𝑘𝐵𝑇6𝜋𝜇𝐷 = (1.38 × 10−23) × 3006 × 𝜋 × (1.8 × 10−5) × (2.4 × 10−5) 
𝜇 = 1.8 × 10−5 𝑘𝑔
𝑚 ∙ 𝑠
 
𝐹𝐷 = 6 ∙ 𝜋 ∙ 1.8 × 10−5 𝑘𝑔𝑚 ∙ 𝑠 ∙ 1 × 10−6𝑚 ∙ 1𝑚𝑠  
Finally, the force due to drag is: 
𝐹𝐷 = 3.39 × 10−10𝑁 
 
 
3.4. Comparison of Forces 
Taking the three forces calculated above: 
 
       Table 1. Comparison of forces acting on aerosols 
Electrostatic 𝐹𝐸 = 3.616 × 10−15𝑟 𝑁 
Dipole moment 𝐹𝑃 = 7.1 × 10−26𝑟3 𝑁 
Drag (Stokes’) 𝐹𝐷 = 3.39 × 10−10𝑁 
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Graphing the above against each other: 
 
 
 
 
 
 
 
 
 
 
 
 
 
As can be seen, the drag force dominates the dipole moment at distances as low as 
6µm and the electrostatic force at distances of 10µm. The significance of this finding 
is that the plasma streamers are not strong enough to attract the aerosol particles over 
the opposing drag force. From these preliminary calculations we conclude that this 
avenue is not worth pursuing experimentally, and turn to the second possibility of 
interaction. 
 
 
  
Figure 5. Comparison of the three major forces acting on each aerosol particle. The dipole moment (red) 
decays as a function of the reciprocal of the distance to the center of the filament cubed, the electrostatic 
force decays as the reciprocal of distance, and the drag force is independent of the location at which it’s 
calculated 
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4. Experimental Verification 
4.1. Justification 
As concluded in section 3.4, the mechanism by which aerosol particles and 
plasma streamers interact cannot be by redirection of the aerosols. The other 
alternative is that the opposite is true – the chance of plasma streamers being formed 
at the location of the aerosols is increased as a result of local and global electrostatic 
effects. 
 
4.2. Experimental Setup 
 To verify whether the presence of water droplets in the gap affects the formation 
of streamers, an experimental apparatus is prepared and illustrated in figure 6. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Schematic of the experimental setup used in this study. A single section of the DBDG used by 
Gallagher is recreated and a 1mm diameter nozzle is incident to the gap. 
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Two wires are prepared as electrodes, with one encased in a quartz 500µm thick; 
they are separated by 3mm. A 1.5mm diameter nozzle is centered between them, to 
which a pressurized air tank is connected. Using a mass flow meter, the volumetric 
flow rate is set to 0.56𝑙𝑝𝑚, or 1.3 𝑚
𝑠
. An 18kV AC power supply at 5 kHz is 
connected between the two electrodes. All of these numbers are chosen to mirror the 
parameters used in Gallagher et al2. Figure 7 shows this apparatus under applied 
voltage with the air stream shut off. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. A picture of the experimental setup while under applied voltage. Exposure time is one second. 
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The picture is taken with a one second exposure time in order to get a time 
average of streamer formation rather than random fluctuations, this helps in obtaining 
a measure of intrinsic behavior. All pictures are taken at a slight angle (approximately 
10o) to the plane of flow in order to avoid condensate forming on the lens.  
 
4.3. Air Flow 
As mentioned earlier, there are other parameters that influence the formation of 
plasma streamers in the gap. In order to ascertain that the change in streamer 
formation is not a result of air flow reducing the memory effect or causing areas of 
low pressure, a control experiment is performed using an air stream with no aerosols 
in it. Figure 8 shows the apparatus with a stream of air flowing through its center. 
 
 
 
 
 
 
 
Because the filament discharges ionize the air between the electrodes creating  
Figure 8. A picture of the experimental setup while under applied voltage and 1.3 m/s air flow. Exposure time is 
two seconds. 
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various plasma species that facilitate formation of future streamers, their removal 
will decreased the likelihood of plasma formation in that region. And as such, the 
drag force expels the active plasma species and forms a gap where the breakdown 
threshold is higher and plasma less likely to form. Additionally, an area of low 
pressure is created above and below the air stream, which causes a higher streamer 
formation density.  
 
4.4. Aerosolized Air Flow 
When replacing the unaerosolized air stream with air that is aerosolized to 98%, 
streamers are able to form in this central region. Instead of the ions creating a 
memory effect to facilitate streamer formation, this is done by the aerosols. Figure 9 
shows this effect; the large gap created by the air flow remains, but in its center one 
begins to see reformation of streamers. 
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The reason that the filaments only reform in the middle of the gap is that they 
repel each other, and are thus more likely to form away from the areas of high density 
filaments created due to areas of low pressure. 
This result indicates that, to some degree, the plasma streamers are more likely to 
form in regions of space where aerosolized droplets of water exist. Although this 
effect may not be enough to completely overcome the combination of the applied 
drag force and increased streamer density on the edges of the gap, it is significant and 
explains the results obtained in inactivation of bacteria with DBD plasma by 
Gallagher et al7. 
The first explanation for this reduction of breakdown voltage at the location of the 
droplets is a local effect whereby the electric field at the vicinity of the droplet is 
increased as a result of the curvature on its surface. This results in a “jump station” 
Figure 9. A picture of the experimental setup while under applied voltage and 1.3 m/s aerosol flow. Exposure 
time is two seconds. The aerosols are between 2µm and 5µm in diameter. 
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for the forming filaments to go through. The second explanation takes place on a 
global level and is caused by the dielectric properties of water droplets. When an 
electric field is applied the droplets become polarized, thus reducing the effective gap 
width. 
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5. Conclusion and Future Work 
5.1. Conclusion 
We have seen that the computational model created by [7] is inapplicable to the 
experiment performed in [8] and so set out to find an explanation for the phenomenon 
observed therein. In chapter 3 we have constructed a mathematical model for the 
comparison of forces acting on water droplets between two DBD electrodes and 
found out that that drag force dominates for distances larger than 10µm. 
Subsequently, an experiment was formulated to observe the relation between the 
forces which determine the likelihood of filament formation and whether the presence 
of aerosols is strong enough of a factor to cause filament formation at their location.  
This study finds that aerosols reintroduce a memory effect at the location where 
they are present, and provides a viable explanation for the manner in which 
sterilization of bacteria is carried out in [8]. Although the residence time of each 
bacteria is 1 millisecond, its presence attracts the formation of plasma streamers and 
allows for the high sterilization rates reported.  
 
5.2. Future Work 
The experimental observations provided herein provide a qualitative description 
of the interaction between small scale aerosols and plasma streamers. Further 
investigation of the phenomenon can be conducted to determine which of the two 
effects mentioned (local and global) has more bearing on streamer initiation.   
22 
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